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Possibilities for the use of a dispersive infrared spectrophotometer to
determine the oxygen and carbon content of device quality silicon wafers have
been examined. A novel aspproach to the analysis of the spectra based on a
curve fitting method has been employed. This has been shown to provide very
v tngood rejection of interferences due to absorptions cuased by precipitates
. present in heat treated material. Single instrument precisions for measure-
sents on_ 350 m dcvj.sc quality wafers of better than 101 for oxygen and
- % 2 x 1016 dtom cm =7 for carbon with no correcton for wafer backsurface
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RSRE MEMORAMDUM MNo 3479
DETERMINATION OF OXYGEN AND CARBOM IN SILICON WAYERS
R W Series
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1 INTRODUCTION

This memorandun summsrises results of a study conducted at RSRE into
development of methods suitadle to determine the oxygen and cardbon content of
device quality silicon wafers using msasurements based on local mode infrared
absorption at 1106 ca ! and 605 ca~!. The equipment consists of a Perkin Elmer
5808 dispersive ratfio recording infrared spectrophotomster and a model 3500 data
station. All computing was carried out using standard BASIC as supplied with the
data station. The emphasis of the work has been to develop quick, mon destruc-
tive methods which are as insensitive as possible to surface finish and other
interferences. In keeping vith these constraints no sttempt has been made to
use low temperature measurements or special sample preparation techniques. Two
differing msathemstical methods have been used to analyse the spectra. The first
is Dased on integrated area msasurements and the second on & curve fitting method
developed at RSRE. While there is 1ittle to chose between the two, the curve
fitting method offers improved performance for difficult and heat treated samples.
The method has deen routinely used at RSRE for over a year with no problems.




Copies of the program, vhich {nclude provision for fully sutomstic comtrol of
the spectrophotometer sre svailable on request.

2 CONVERSION OF TRANSMITTANCE TO ABSORBANCE

Vhen using sny smslytic method to snalyse the spectrs it is mecessary
first to convert the msssured transmittance to ebsorbance. 4As showm {n
reference 1 the appronimstions commonly used wsy lead to ervors in excess of
152 vhen thin wvefers sre wsssured. The effects of various approximations for
the conversion of trsnsmittance to sbeorbamce have thersfore been examined.

The trensmission through & sample with both eurfaces polished may be
written (neglecting interference effects);

t o (1-8)2exp(-0)/(1-R2exp(-20)) .1
vhere R is the reflection coefficient and ¢ the sbsordasce.

To a first spproximetion

e e =ta(T) ¢ 2ta(l-R) (2.2)

vhich is the moet commounly used relationship. A wuch better appreximste sole-
cion o

2
0o ctan - tacdity) o o? AU, (2.3
(-0 (-n)

With this spprozimstion the errors are lese them 4R for all values of 6.

With samples in both reference sad sasple beams the corresponding equations

8 -ae-ta(D (2.4)
8-ae-tal) o Renp(~20)(13-1) (2.%)

where B i the sbsordence in the reference beass.




Paysically the difference botweos the spproximstions corvesponds to the
diffevence between light passing cace through the sample, and account being
unde of mitiple reflections within the sample (fig V).
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For wel) polished samples asppronimstion 1=) and 2-3 ave o be preferved,
but fov wafers with heavy back ourfece damage it is possible that reflection
ot the rough owrface io ouppressed ouch that 2-2 end 2-4 provide better descrip-
tions. This point can enly do recolved by experisent as discussed later.

The spectre sre scanned and converted teo absorbance. Lisear baselines are
fitted to the euypes band and the covbon/eilicen band. The istegrated sress is
the range 1120-1000 an”} for the emygen dend, 630-610 on~! for the lattice
shoorption, 610-995 ! for the carben sbosrption are thea used to compute
thicknese, exygen and carbes difference between the cmple and refetence.

R, o istegrated sree 1120-10%0 ! (correctes for baseline)
l: e {ategrated ares 630~ 610 -'l (corrected for baseline)
L, © istegrated ares 610~ 993 en”! (eorrected for Seseline)

o CAT s C, (ToaT: | O} (3.1)
5 T 6

o C.AT ¢ €, (Team) (€} (3.2)
L AT eC,
R, * €T« C, (Tuan (€] (3.2)

81 astriz sbeerption per wmit thickness over exygen band.

Oxygen aboorption for wmit exygee conteat.

$i satris sbeorption per wait thickness over 630/610 ca |

band
1

Catben abeorption per wnit concentration over $30/610 ca = bend
$1 metris sbserption per walt thickness ovet 610/395 ca ! bend
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Carbon sbeorption per wait concentration over 610/595 cn ' band
Thickness of vefevence sample

Thichnoss difforence botwoen reference and sample

Ouygen concontvotion of sample

Carben concentrotion of sample

Cs

1

o1
io)
ic)

Botei= the veference is sssumnd to have segligibie carbes and ovyges.

Congtants CoCy ore ebisined using standards with taove omypen and carbon
content. The reselis doectibed later woed Twe standards, one 1.9 o thich amd
mﬁd,uﬂmﬁhwucaﬁudulﬂ-cﬂammq
7.7 5 10’ sten n”? corven 00¢ 0.92 5 10'® acen o™} cuypen (o4 ASTM calinee-
tion). Scans wvere ande of the pure ctandard usiang air a3 2 veferonte ans thon
of the inpere standard wsing the pure standard as & teference. Using Ohis dots
equations ).1, 1.2 and ).) were solwed for c.-c, '

To detevrnine the cuygen and cardes content and hicimess of VoW sonpies
equations 3.1 end ).) wvere solved for 4T ant| CJ. Gquation 3.1 wis ther selved
for | 0). This oveide he secessity of ssassriag the sample Chickmwss by &
separate teehnique. Ao incidental stventage is thet if eguation 2.2 or 2.4 is
wed 1o convert (ransnittiance (0 dhoortante (he ervers latteluced by Ohe
pprenimntions favelved tend to consel coeh other whan The emypes of carden
concentrations are evolunted. Mot is the Whickness estiantes tend 0 Show
sote errut than ¢ither the enypen of ¢carven conteot .

&  Cum NITIG WMW

The 12 opectiun is scanned 1300~1000 "' ant 040300 "' (or o0 requiredy.
The 640/300 band Gote o precessed to give the hicimess Gl catbon content .
The 1200/1000 en”! basd speetra 1o then coed (o Setermine the onygen content .
Lisser Seselinee (ia sbeorbante) ste cssemnd for both bands. All csloulations
ote patforend in ddeostbente wnits.

.0 peslrale
Por the emygre peosh

Als) © ag oo, oo, a) ¢ ap ,x) s 8, «.n
ant ot the carbon posh

e ————————————setestesss—



8, *8, 8 v, v”u‘) * 8 l'”(:i) . ‘i ¢.2)

N o
&
.

abeorbance difference betwoen cample and veforence
Vovenumber - offont
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‘o Vineer beseline terms

" Differense in thichness betwoen cample and referonce
s ° Ouygee s sonple = owygee s reference

“o Linver baseline torme

6 ° Carben is emple - Cordvee i» reference

u * Silicon sboorptics over omygee s

f,; © Omem edeerpties

'21 o Silicon seorption over corven bans

fu o Carben abeerplicn over cartves bond

i ° renden asioe

The sovenmber offeet (o choesn to give e origia of the GIS-point of sash Dons .
fou o lenet squaves (it wo wigh o Blainiee

Trata - g = apn, = o () = 0y v et “.n

ﬂﬂmluq'n'-lo,ddu

XH*.' “ 0y "8t c Gl lay) - .l'u“I"’ (6.4

GLEh reepRet 10 8y, 8., &y, & mumymm- t-luuu

wed to bisie the thicddaese estimnte. Moumunmrm- bond

ie amet strengly Gepuniont e the GChidimens of Uhe sumple anl dhenges i» the

chape of e omygee posk due o Deot LieetaEnt ¢te Bight couse Spurisws teswits
if the 1200/1000 "' bant Gete were imiuied in the estimstion of o,

s odwwe a oection &. 2, 'jlr“l' e the pruperty
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z'j‘“i, - 0 («.%)
i
Z;‘ Fatw) 0 %.6)
i
Miainisetion of 4.) and 6.4 then gives: )
6 o B4y T SyNsy 8y - 8 .
S o S, SR - 68y o
o © 15 - SN, 14.9)
where

5, « Trpytsd a0

5, o Zrye

8 o Drptey) - e

5, o Lrpte . 700
o Tr,tap?

5

oo Iamp -ty
f ¢ Dyttt
Sy o Ty,

tnssteg @e thiciases, oyPre anl cordod conteit of Ok tofotense O
thicinese, aygre oad cordee content of She saple Gy asv be found.

.2 Gestiss of Petebess

e otoadond camples ote wnd. Spmtre are teuordel of o wing o> eit
teferamse, hen the Siffereme spoetes cre Gnuputel. Conlitions Uhevld be Sheoser
oo et Ghe speetrs Gy Ve trostel @ oviee feve.

Bta) o By =By 0, 28y Pylay) 2By P00 (.0
l,h.) ® 8,02 0 Pofn) » b 12" .
Bytay) @ 8, =8y 0, 5 3 Puefay) * 0 00 6.4
Bta) @ By 2By 5B, 0000 28, 0,00 LRSS
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wei a.-h, ase baseline toves

I. is the thickness of standard |
b' is the amygn coniont of otandared )
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g w0 1.7 + W' we @? wrier (@ WiEINes wing Bre 18 B mechers .
fitee Bl referenne 1o scummed againet ai¢, G O Q8 stanlerd ie srewned
againnt Bie tefmeme. Mie pronciuie AIGlEIom GHOre Mtrabwel by WWwhrumem
rife eve.

Wek suitable Motrauie! conbition (ore Solesld, hoh Wwing Ohe ourve
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5.1 §ffess of Siis wide

Thesries for the intograted oves mesowensnt sad alse the curwe fitting
‘ wsthed both vely on the asounption thet Desvs lav applies. Deers lav wsy fail
for o sumboy of seasens. Gns of the Saet coumen couses is That the finite slis
wideh asy conse bvesdming of the pechs. Altheough, i Che case of & single padk
§s o pessidle 1o construct ¢ Galibration curve and o0 corvect for doviatiom
fven Boevs lam, this is 9ot possible in the case of overlagping bands. Tests
were thesefove cavvied out (o dotommine of Wiet resslution deparenres frew
Soess \ow Jineevisy became & prebien- Difforence 29ecrtve weve Fotsdied frewm
$hve samples seninelly 7 & thich and covaring ¢ vonge of CaTben comtomis Wing
o I up vefovence. Me Wectivse wve cignel ovaraged (o teduse Uhe 20ioe ©»
tesignificans Jovel: e doto were Thee asiyend wing the curwe fisting
sregran- &0 Whe olit widd e Vedused e PPIrent Carden comant of edrd
cample apprenched o limitiag selee. Tuble | cumarisse B resuits. P
mmmummuwunf‘m
tion end ¢t warious other ¢lit vidihe 16 chon. 15 aay Vo 000 Thit imddopuiie
sessdution leads (o lorge ervere o the agparent Galber eoMiont 8t Jov GaFbor
levels. & reeniution of 5.5 @' (corvespenting 0 199 & e We PENONS) U4
oleguete 0 provide good Soare e limsariey. Tis s ¢ ued lown tessltion
Wmes Met teguised by 7T anchiase (seferease D) prabibly Guo G0 Ghe Yory
Giffesant Yastramnes Pumttions. The emygee bend 9 vary Gush brostior Oha» Ohe
cartee Send and it lo poruicoibie 10 we Gk groster olit WSRr. Ceastailiy
" e o ressiution of @out ? ! (1B ) Wi 1o QUite ateguite W ensute
goet Seeve iow Lioesrity. If asreewes olit widUle are wiod Ghee laterfelvhce
frtagee are ieereed 0 Ge speetie of oo wafurs.: o Ghe Gase of Ghe OmPW
detepticos Grasvieiant bold cuve fittieg and otageted s Griells Svelage
ot omvatel ndagee and 00 Ghase Pooe 60 fal piebien. WIBh She srber
diostptics Gie stertfereite NHIagee Gre METSRNIDE Dy Ghe Stiolg EbsoIPplior dwe
© e 000 @'} s,

5.2 Risiesse Rennish et Senic ol Safuinme

Sreete any aviee 30 Ghe GPPEIGEE NS0 CONLNNE (a0l 9 o lorsd aNtent
e e NteNt) hidh alv ol by ciemtud 10 Shidinese tetenas salple
ad ccfeenn. These any orice Yoth v astlisenritior i Ghe spurtronrtet
ot sles 1otk of evenuber otebility. ™ csouss Ghese oreers Shiee samples,
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ttonustien, sot te 545 T, wes weed 10 provide carvection for reflection Corms
allowed fos dusing conversion of (Tovamitiancs (o absorbance. Basults are
shewn in table 2 Which chows very geed agresusel both betusen inisgrated ares
and cunve firting asthads and alse iNEENGitivily 1o Thichness BIiomaich betwess
sanple and vefosoncs.

-3 \afer Mpagesenpnis

Assees 0§ of the carve fitting arthed for apasuroussts on vafers was
arvied ot csing waiess )30 u» "amind) Rickness with Yesistivities botwssn
10 and 10 tem ot Fvan oo POSILIONS IR (agels. The aclual Suygen and carvorn
contonts of the valfers vave estinnted by lisedr isterpelation (ven ssasuremsnts
asfe on ] @ cimples Gt ot Intervals dleng The ingets. Vhen alkisg asasure-
eonts of vafess It woe found thot unie?d some Cconditions deals forend belnees
tatestorance fringis i Uhe cample and veforence apectse. These bedts covid
C2u0e IVONeNs esuits and 30 (v all Dhe anaswremstls on walfers oo reference
s wed. To cosune proped consuvsiod of LrReRI(Lance (0 EDOOFOINLY & feferonce
DouD attenudter oot (e S48 T is aned inotend of Che reference. As before olit
TR s (NOeee 00 00 10 0¢ & BERAMD consisteont with Deers law 1imesrity
1o 10 give & secoletion of ? @ (or the ouypee band ( 1IN ) ont 3.5 e
for carven.

Tasle ) shene teswiis of GRaoWERIRts @GP wing (e eurve fitling pregren
o 18 cafers wiih henieaily polishet Dotk ouwtfoses. The liaits Gver Shioh Uhe
curce (1eting sue ente wave 1030/1680 oo ! ans 0107300 ™. as sisevsens
telos the sean lintie amy offect The stcwtery of Che Grthed. Uafer § was ewt
feen o togien e ek Uie Gygen content 10 Uhe erystal varied rapidly ond
o0 Hie satud! aygi® ontent o umettala. Te speetts of calfers Bl ond ¥ showed
™ Wviews tensue for Theit pout porforasme. As tay be seor Trop Uhe Labie
the SNNted ayge® colteNs apfve 10 ot Tt with the sttwsl velue ol Uhe

corten te dbwet = | ¢t 0w ).

o sssune the effecte of bonk ouwifere Jamage cufets cut sljscent teo wafers
8 cove Iqped ol th UED ey to plotune sevete damnge. The enygen sl cstbod
contonts cene deterRian wing the curve fitting anthed ovet the tenge 1200/1000
@' at 60 @', 1o 011 wesee the beck Sanagei wefers appested to contain
ave aygee thee tieit dhuniieslly etebd cwusterpatt (table &). Ohanging the
olgerithn wed te culvelt troauaittame o Ebssttame to cotrerpond with the
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assumption that there was no multiple reflection inside the wafer (equation 2.4)
gave mo significant improvement (table &). A detailed comparison was made
between the fitted spectra and the actual spectra of one of the back damaged
vefers. This is shown in figure 2, vhere it may be seen that systematic errors
enist detveen the fitted and actual spectra. To investigate these errors
further a spectrum was created to correspond to the best fit vhich could be made
to the spectrum using the actual oxygen content of the vafer. This is shown

in figure 3 compared to the actusl spectrum. Also shown in figure 3 is the
difference spectrum vhich represents the residuals. It may be seen that these
follow a smooth curve showing that there is curvature of the baseline. To
teduce this source of ervor it vas found most convenient to reduce the limits
over which the dats is fitted to 1130/1080 cm . As shown in table 5 this
greatly reduces the systematic ervors associated with the back damaged vafers
whilst retaining the sccuracy of the measurements for the chemically polished

vafers.

ie table 6 dats for vafers have Deen analysed using both curve fitting and
integrated ares methods. The integrated aves method results used equation
4 to coavert transmittance to absorbance while the curve fitting method uses
equetion 2-5. The integrated sres messurements for oxygen are systematically
3% low primsrily decouse of the approximstion used to convert transmittance
to shecrbance.

3.4 Best Treated Samples

e Co silicon {o heat treated precipitates of crystadolite and amorphous
$10, sre formed. These precipitstes give rise to absorptions ac 1225 b,
1120 en”! and 1000 ™! which overlep the 1106 ca”! fnoterstitial oxygen band.
Ae o teseit, vhea msasurements of the interstitial oxygen are made using the
10s o} pesh, prodiems arise in drawing a suitable base line. With the curve
fitting sethod the baseline fs fitted veing data from all the spectral band being
eaanined. This sshes the method much less sensitive to interference from over-
lapping bends. To test the method a set of 2 a» thick samples with oxygen
contents in the tange 1.3 - 1.5 x IO“ atom a-’ (AST™M F121-76) and carbon con-
te-ts of 2-4 w“ atom u'l (ASTH F123-74) were prepared and isothermally
amseeled in the renge 630°% - 1030°c. Figure & shows examples of the spectra.
ta sddition to the sbeorption at 1106 ca | faterstitial oxygen pives rise to
e band ot $15 n“.!ﬂ-u et .l‘ shown that this absorption is due to

10
e ——————




unclustered interstitial oxygen. This band suffers very much less from overlap
with precipitate bands. It is not often used for quantitative measurement since
it is much less intense than the 1106 cm © band and its narrow half-width make
it unsuitable for wafer measurements where interference fringes would cause
severe prodlems. For well characterised 2mm samples the 515 cxn'-:l band may be

. weed as & mesasure of the interstitial oxygen. In figures 5(a) and 6(a) the
interstitial oxygen content measured by the peak height at 1106 cm-1 is
compared to that determined from the 515 cm !
the highly precipitated samples the apparent interstitial oxygen content is
overestimated by about 3 x 1017
precipitate absorptions. When the data were analysed using the curve fitting
sethod in the range 1130/1080 ¢:|n.1 (figure 5(b) and 6(b)) very good agreement
wvas found measurement with no sign of systematic error for all anneals below

band. It may be seen that in

atom cm-l. This is due to the underlying

1000°C. The 1050°C annealed samples showed some sign of systematic error.
This is thought to dbe due to a change in shape of the 1106 c:nf-1 band due to
peiring of the oxygen atoms as distinct from true precipitation. This is

¢iscussed more fully by Shimura et a1(?,

The results on the heat treated samples show that the curve fitting method
is very well suited to making measurements on spectra where the band of
isterest is superimposed on interfering bands of unknown shape.

¢ CONCLUS10%

Both curve fitting and integrated area measurements may be used to
deternine the oxygen and carbon content of device quality wafers. It is
faportant to restrict the limits over which the spectra are analysed or syste-
sstic errors mey be found in back damaged wafers. Instrument resolution is
feend to affect the accuracy of carbon measurement. The optimum resulution is
o eompromise between the effects of noise and interference fringes and Beers
lew som limearity. Although the optimum conditons will vary between instruments
the fellowing conditons have been found to give satisfactory results:

Resoletion: 7 cl.l oxygen band
5.5 c-.l carbon band
Cerve Pitting method: 1130 - 1080 cm © for oxygen

640 - 580 cm-l for carbon

e ——————— S e —



Integrated Area method:

Baseline: 1130/1120 and 1090/1080 for oxygen
¢ 640/630 and 595/580 for carbon

Peak Area: 1120/1090 cm-1 for oxygen
630/610 cm-1 for silicon + carbon

610/595 cm-1 for carbon + silicon

In both cases the scan speed should be chosen to give the desired com-

promise between accuracy and analysis time.

ACKNOWLEDGEMENTS

I am grateful to W P Brown and the Materials Department at Mullards

Southampton for the preparation of the wafers and heat treated material used

in this study.

REFERENCES

€Y

(2)

(3)

Determination of Oxygen Concentration in Silicon and Germanium by Infra-
red Absorption. W Thurber, NBS Technical Note 529 (May 1970).

D Warren-Vidrine Anal. Chem. (1980) 52, 92-96.

Fumio Shimura, Yoshitake Ohnishi, Hideki Tsuya, Appl. Phys. Lett. (1981)
38, 867.

A TeE F’UBUC"

EOCIAL ORCf—.IHSAT NS

A

oR 1C COMN




TABLE 1
NON LINEARITIES DUE TO INSTRUMENT RESOLUTION

CARBON ERROR AT RESOLUTION SHOWN
AT 2 cm -1 -1 -1
RESOLUTION cm 5.5 em 12 em ©
3.5 x 10%° -3 3 43
4.3 x 1016 -5 0 33
5.5 x 1016 0 0 2
8.4 x 1016 5 4 -9
10.6 x 10t 0 1 7




TABLE 2

EFFECT OF REFERENCE THICKNESS WITH 2mm NOMINAL THICKNESS SAMPLES

Integrated Area Method

Peak Upper Baseline | Lower Baseline
Oxygen 1125/1090 1180/1145 1065/1030
Silicon + Carbon 626/612 648/632 607/602
Carbon + Silicon 607/602 648/632 607/602
Oxygen Carbon Thickness
18 -3 16 -3
(x10"" atom cm ~) (x10"" atom cm ") (mm)

heference Thickness

Reference Thickness

Reference Thickness

Samplel 1) 910 2.000 o | [1.910 2.000 o0 | [1.910 2.000 o
%2 1.67 1.67 1.69 3.2 3.6 2,5 1.931 1.939 1.924
%14 1.33 1.32 1.35| | 5.2 5.4 4.9 1.975 1.985 1.964
%29 .85 .84 .86 |13.1 13.2 12.2 1.963 1.971 1.949
Curve Fitting Method
Oxygen band: 1180/1030 cm »
Carbon band: 640/580 cm.l
Oxygen Carbon Thickness
18 -3 16 -3
(x10"" atom cm ) (x10°" atom cm ) (rom)

heference Thickness

heference Thickness

E@farence Thickness

Samplel ) 910 2.000 o0 |[1.910 2.000 o0 | [1.910 2.000 ©
” 1.67 1.66 1.68| [3.4 3.7  2.5| [1.931 1.940 1.934
w14 | f.33 1.32 1.3 (5.2 5.5 s.ol [1.977 1.987 1.974
#29 85 .86  .86| 3.2 13.3 12.4

1.965 1.976 1.960]




Scan Limits 1130/1080 cm ! and 640/580 cm~

TABLE 3

CURVE FITTING METHOD ON WAFERS

1

Reference Beam - Attenustor set

to 541. All Wafers Chem Polished.
4] WAFER | ACTUAL MEASURED | ACTUAL MRASURED ACTUAL MEASURED TRANSMISSION
OXYGEN OXYGEN CARBON CARBON THICKNESS THICKNESS
x 1018 atom a3 | x 10!% atom a3 um

A 1.81 1.80 . 1.4 2.9 360 3% B
B 1.59 1.57 2.1 3.0 338 331 H
c 1.47 1.43 2.8 2.7 364 306 H
D 1.29 1.33 3.9 4.1 364 348 H
e |1.2* 1.12 6.0 6.6 339 328 H
4 1.61 1.55 4.0 4.4 364 370 M
G 1.47 1.49 5.0 5.0 369 3s7 H
H 1.38 1.10 7.8 6.9 338 361 M
¢ 1.71 1.65 3.0 2.8 s 338 H
J 1.53 1.43 4.0 2.0 372 409 L
4 1.40 1.31 5.0 4.5 359 349 H
L 1.30 1.27 6.8 7.8 364 353 H
M 1.18 1.19 13.4 9.9 377 n H
N 1.78 1.68 .4 .4 340 336 H
(o] 1.57 1.51 .7 1.1 342 332 H
P 1.39 1.40 1.2 1.5 343 339 H
Q 1.20 1.18 1.9 1.8 348 348 H
R 1.10 1.28 3.9 3.9 368 365 H

H = 100 - 50% transmission

M = 50% - 20% transmission

L = 207 - 10T transmission

VL = <L]0% transmission
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TARSE 3%

EFFECT OF SCAN LINITS OB OXVGEN MEASURDI©ENT

; MEASURED OXYGEX
ACTUAL
3 e oxycEN 120071000 '} 113071080 c= '}
A 1.01 2 1080  [1.79 & 10'® 1.00 x 10'8
A |1.01x10® |2.00 x 10'® 1.79 x 10'®
3 1.99 2 10® |1.58 x 10'® 1.57 x 1019
» [1.59x210° |1.09 x 108 1.58 x 10'¢
c 1.47 2 108%  |1.44 2 10'8 1.43 » 10'¢
e |1.47210"® |1.0321018 1.49 x 10'0
o 1.20 x 10'® [ 1.34 x 10%® 1.33 x 10'®
o |1.29210® ]1.59 x 10!® 1.39 x 10'8
g 1.2z 1.2 5 108 1.12 x 10'®
e | 12210  |1.52 5100 1.26 x 10'®
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7IONE 2 Neesured spectrs for wofer B' conpstred to best fit curve.
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